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We report electronic Raman scattering measurements on initially optimally doped Zn and Ni
substituted Y-123 in A1g and B1g channels. We show that the B1g superconducting gap is inde-
pendent of magnetic Ni and non-magnetic Zn impurity concentrations. On the contrary, the energy
of the A1g collective mode follows Tc with two distinct slopes for Ni and Zn impurities, tracking
the magnetic resonance detected by neutrons. We explain the unconventional behavior of the B1g
superconducting gap and discuss the evolution of the A1g mode under Ni and Zn impurities.
PACS numbers: 74.62.Dh, 74.72.-h, 78.30.-j
In the last few years, transport [1], nuclear magnetic
resonance (NMR) [2], muon spin relaxation (µ-SR) [3, 4]
and scanning tunneling microscopy (STM) [5] measure-
ments have shown that the effects of magnetic and non-
magnetic impurities on the superconducting properties
of cuprates are drastically different. Therefore they can
be used as relevant probes for testing the quasiparticles
and the collective modes in the superconducting state of
cuprates. Electronic Raman scattering (ERS) is a pow-
erful tool for probing electronic excitations in selected
areas of the Fermi surface. Raman responses are very
sensitive to the d-wave character of the superconducting
gap (SG). The B1g channel [6] probes the antinodal re-
gions where the SG amplitude 2∆ is maximum while the
B2g channel [6] probes the nodal regions where the SG
vanishes. The A1g channel [6] has no symmetry restric-
tion and is sensitive to nodal and antinodal regions of
the Fermi surface. In the A1g channel an intense Raman
active collective mode (the ”A1g mode”), which origin
is not yet identified, is definitively observed in the su-
perconducting state of optimally doped cuprates [7], well
below the 2∆ energy. It has been shown that the A1g
mode tracks the magnetic resonance detected by inelas-
tic neutron scattering [8] at QAF = (pi, pi) for both its
temperature and energy dependence under magnetic Ni
substitutions. Previous ERS studies on Zn substituted
Y-123 with only one Zn concentration lead to contra-
dictory results: on one hand the 2∆ energy of the SG
seen in the B1g channel follows Tc [9], on the other hand
it was argued to collapse to zero [10] when Tc = 72 K.
Here we report ERS measurements on a wide concentra-
tion range of Zn impurities and compare them with those
of Ni magnetic impurities. We show unambiguously that
the 2∆ energy of the SG in B1g channel remains constant
under magnetic and non-magnetic impurity substitutions
up to 3%, in contradiction with what we expect from a
conventional superconductor. We show that the energy
of the A1g mode follows Tc with two distinct slopes for
Zn and Ni impurities ans tracks the magnetic resonance
energy does. Using an intermediate scattering potential
with anisotropic phase shift for Ni impurities and an uni-
tary limit scattering in the ”Swiss Cheese”[3] model for
Zn impurities, we explain the unexpected B1g SG energy
dependence and discuss the A1g collective mode behav-
ior.
Studied samples were optimally doped
YBa2(Cu1−yZnZnyZn)3O7−δ single crystals (grown by
the ”self-flux” method [11]) with various Zn concentra-
tions: yZn=0 (T
(onset)
c =92.5K; ∆T c ∼ 2 K), yZn=0.3%
(87.5K; 2K), yZn=0.7% (83K; 3K), yZn=1.5% (73K;
4K) and yZn=2% (64K; 7K). They have been renamed
Y-123, Y-123:Zn87K, Y-123:Zn83K, Y-123:Zn73K and
Y-123:Zn64K respectively. Similarly, the Ni substituted
Y-123 crystals of [8], have been renamed Y-123:Ni87K
and Y-123:Ni78K. Impurity concentrations were checked
by chemical analysis using an electron probe. T
(onset)
c
and 10%-90% width ∆T c have been evaluated from ZFC
DC-magnetization under a 10G field. The broadening
of transition under impurity substitutions is consistent
with previous works (see e.g. Ref. [12] and references
therein). Zn and Ni are divalent ions known to offer
a particularly attractive way to reduce Tc without
changing the carrier concentrations [13].
ERS have been carried out with a T64000 JY spec-
trometer in triple subtractive configuration. Crystals
were mounted on the cold finger of an He circulation
cryostat and cooled down to 10 K. The 514nm excitation
line was used. The laser power on the crystal surface
was kept below 3mW to avoid significant heating (which
is smaller than 3K according to Stokes-anti-Stokes ra-
2tio). Raw spectra have been corrected for the Bose factor
n(Ω, T ) to get the imaginary part of the Raman suscep-
tibility χ′′(Ω) = I(Ω)/[1 + n(Ω, T )].
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FIG. 1: Superconducting and normal Raman responses
χ′′S(Ω) (in red) and χ
′′
N (Ω) (in black) of selected
YBa2(Cu1−yMMyM )3O7−δ (M = Ni, Zn) single crystals. The
difference χ′′S(Ω)− χ
′′
N (Ω) (in blue) is plotted in the insets.
Figure 1 shows the susceptibilities χ′′N (Ω) (resp.
χ′′S(Ω)) in normal (resp. superconducting) state in
the A1g and B1g channels for selected concentrations
(yNi=3%, yZn=0.7% and 1.5%) of Ni and Zn impurities.
The spectra related to yNi=1%, yZn=0.3% and 2% are
not shown here and can be found in Refs. [7, 8]. The
phonon lines for both A1g and B1g channel are well iden-
tified as well as additional weak features related to slight
CuO chains disorder [8]. For pure Y-123, we have a clear
enhancement of the A1g and B1g electronic responses be-
tween (170-670 cm−1) and (400-800 cm−1) respectively in
the superconducting state compared to the normal one.
Subtractions of the normal contribution from the super-
conducting one are shown in insets. In B1g channel, we
obtain a well defined peak centered at 565 cm−1 (8.8
kBTc) corresponding to the 2∆ pair breaking energy of
the SG. In the A1g channel, the subtraction gives rise to
a broad asymmetric peak, in which two distinct contribu-
tions have already been established [7]. The first one is
the A1g collective mode centered at 331 cm
−1 (5 kBTc),
that runs from 170 to 410 cm−1 and the second one, from
410 to 670 cm−1 is the SG signature in the A1g channel
[7].
As Ni impurities are introduced the A1g mode softens
and broadens but does not exhibit any significant de-
crease of its intensity up to yNi=3%. On the contrary
the A1g mode under Zn impurities reduces to a weak
contribution around 295 cm−1 for yZn =1.5% and totally
disappears for yZn=2% [7]. On the other hand, the B1g
SG broadens but remains almost constant in energy with
respect to Ni and Zn impurity insertions, in contrast with
the A1g mode which shifts to lower energy.
In Fig. 2 are reported the A1g mode and the B1g SG
energies with respect to Tc for all Ni and Zn impurity
concentrations. In addition to our measurements we have
plotted the data of Ref.[10]. In contrast to what we ex-
pect from a conventional superconductor, the 2∆ SG en-
ergy remains almost constant as Tc decreases with Ni and
Zn impurities. In particular our experimental data show
that the B1g SG energy in Y-123:Zn neither falls to zero
as Tc reaches 72 K (as claimed in Ref. [10]), nor scales
with Tc (see Ref. [9]) but remains constant in energy over
a wide concentration range down to Tc = 64 K. Its aver-
age value 〈2∆〉 is ∼ 67.6 meV (±2.5 meV). It has already
been shown that changes of Tc under oxygen doping fail
to keep the 2∆/kBTc ratio constant, and our data show
that even for fixed doping (here the optimal one), when
Tc decreases under magnetic or non-magnetic impurities
substitutions, 2∆/kBTc is not constant anymore.
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FIG. 2: Energies of the SG peak (triangles), A1g mode (filled
squares) and of the neutron resonance (empty squares) with
respect to T c under magnetic Ni (blue) and non magnetic
Zn (red) impurity substitutions. Data from reference 10 have
been added as filled circles.
Figure 2 shows that the A1g mode energy softens faster
for Ni impurities than for the Zn one: the energy of A1g
mode follows 5kBTc for Ni, whereas it follows, for Zn,
kB(2.2Tc + 2.8T
opt
c ), where T
opt
c = 92.5 K is the optimal
Tc of Y-123. We notice that the data of Ref.[10] follows
the two distinct A1g slopes for Ni and Zn impurities.
3This confirms that the ”A1g-mode-energy/Tc” ratio is not
constant (and not equal to 5kB) for Zn substitutions.
From STM measurements it has been shown that
the quasiparticle scattering on Ni impurities is predom-
inantly potential, rather than magnetic [14]. Based on
this finding, we have calculated the superconducting den-
sity of states (SDOS) and the B1g Raman response for
a CuO2 plane where Cu is substituted by Ni. Consider-
ing potential pair breaking in a d-wave model, described
by the usual Nambu-Gorkov’ Green functions (see e.g.,
Ref.[17]) The SDOS and the imaginary part of the B1g
Raman response are given by:
NS(Ω) = −
1
pi
ℑ
∑
k
TrGˆ(k, iωn)|iωn→Ω+i0+ , (1)
and
χ′′B1g (Ω) = −Tℑ
∑
k
∑
ωn
γB1g (k)
2Tr
[
τˆ3Gˆ(k, iωn)
×τˆ3Gˆ(k, iωn − iΩm)
]
|iΩm→Ω+i0+ , (2)
where γB1g (k) is the B1g Raman vertex calculated in
the effective mass approximation, and ωn and Ωm are
fermionic and bosonic Matsubara frequencies, respec-
tively. The details of calculation will be published else-
where. Scattering in the Born (δ = 0) and unitary
(δ = pi/2) limits have already been treated in previ-
ous works [15, 16]. As scattering on Ni impurities is
between these two limits [14], we have opted for an inter-
mediate momentum dependent phase shift δ(k), due to
the anisotropy of the Fermi velocity vF . The self energy
Σ(iωn) is then given by [17]:
Σ(iωn) =
nimp
∑
k
tan(δ(k))2TrGˆ(k, iωn)
(piNF )2 − [
∑
k
tan(δ(k))TrGˆ(k, iωn)]2
(3)
where nimp stands for Ni impurity concentration, andNF
for the DOS at the Fermi level in the normal state.
In Fig. 3, we have plotted the B1g Raman response
as a function of Raman shift Ω for different nimp (up to
5%). The SDOS NS(Ω) is plotted in inset. At Ω = 2∆0
(resp. Ω = ∆0), with no impurities, χ
′′
B1g
(resp. NS(Ω))
diverges logarithmically. As Ni impurities are inserted,
both χ′′B1g andNS exhibit a maximum at the same energy
than in the pristine case, suggesting that the quasiparti-
cles in the antinodal regions are not affected by impurity
scattering. The intensity of χ′′B1g (2∆0) decreases with in-
creasing nimp, just as observed experimentally. A finite
DOS appears at the Fermi level Ω = 0, and increases
with nimp. Low energy excitations in the superconduct-
ing state come from quasiparticles of the nodal regions.
NS(Ω = 0) grows when nimp increases implies that su-
perconductivity is destroyed around the nodes of the SG,
where the interaction leading to the Cooper pairs for-
mation is weaker. This is consistent with B2g Raman
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FIG. 3: Evolution of the B1g Raman response as a function
of impurity concentration for a d-wave superconductor. ∆0
is the energy of the SG in the pristine case. The SDOS is
plotted in inset.
data [18] which reveals no distinctions between super-
conducting and normal B2g responses as from 1% of Ni
impurities. This explains also why the B2g response is
more generally affected by any scattering source (e.g.
structural disorder) as previously observed [18, 19, 20].
The situation is different for non-magnetic impurities
since the scattering has been found to be almost unitary
(δ ∼ 0.48pi [5]). As a consequence, the superconducting
order parameter is suppressed locally around each impu-
rity site, and the superfluid density decreases. This gives
rise to the ”Swiss Cheese” model and explains why the
SG intensity decreases as Zn concentration increases. To
achieve the calculation of DOS and Raman response in
a Zn substituted cuprate, a serious difficulty arises from
the fact that one must take into account spatial inho-
mogeneities of the superconducting order parameter. It
has not been performed here. However, our data suggest
that, in the remaining superconducting condensate, the
Cooper pairs binding energy is not altered, and thus no
changes are seen in the pair breaking peak in the B1g
channel.
At this step, it is interesting to notice that non-
magnetic impurity effects in cuprates, at least on trans-
port and Tc, can be reproduced by defects induced by
electron irradiation [1]. Angle resolved photoemission
spectroscopy (ARPES) measurements performed on such
irradiated samples (Bi-2212 with a T c down to 62 K)
have revealed no changes in the SG energy with respect
to T c [21]. This is consistent with our data. In Fig. 2,
we have added to the A1g mode energies under Ni and Zn
substitutions, the magnetic resonance energies obtained
from [22]. This shows unambiguously that for these two
substitutions, the A1g mode tracks the magnetic reso-
nance. As a consequence, magnetic and non-magnetic
impurities lead to two different slopes for both the A1g
mode and the magnetic resonance.
4To go further, we have plotted in Fig. 4 the tempera-
ture dependences of the A1g mode for four crystals Y-123,
Y-123:Zn83K, Y-123:Ni87K and Y-123:Ni78K.
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FIG. 4: Temperature dependences of the spectral weight be-
tween 170 cm−1 and 420 cm−1of the A1g mode. The temper-
ature scale has been normalized to Tc for each crystal.
We clearly see that the A1g mode starts growing just
below Tc in Y-123:Ni, in the same way as pure Y-123.
On the contrary, in the Zn case the A1g mode exhibits
a relative temperature delay of 0.8 kBTc (∼ 20 K). This
has also been observed in Ref. [10]. For Ni impurities,
the A1g mode spectral weight follows the one of the free
Y-123 as function of temperature. The energies of both
A1g mode and magnetic resonance follow 5 kBTc for Ni-
substituted and pure Y-123 (Fig. 2), and STM mea-
surements have shown the presence of localized states on
the Ni impurity, but no disruption of superconductivity
near the impurity [14]. These three experimental obser-
vations suggest that superconductivity is homogeneously
modified by the introduction of magnetic impurities, and
that the mechanism that leading to the formation of both
magnetic resonance and A1g mode is not fundamentally
affected, but rather renormalized with respect to Tc. The
scenario is different for Zn impurities. On one hand, the
shift in energy for both the A1g mode and magnetic res-
onance is smaller than for Ni impurities (Fig. 2). On
the other hand, (see Fig. 1) the intensity of the A1g
mode decreases strongly with increasing Zn concentra-
tion, and for a concentration greater than 2% this mode
disappears, in contrast with Ni substitutions [8]. Finally,
Fig. 4 shows that the A1g mode starts growing 20 K be-
low Tc in the Y-123:Zn83K crystal. Consequently, there
exist Zn concentrations where superconductivity has set-
tled, but the A1g mode is already not present. This
brings us to the conclusion that the diminution of super-
fluid density observed in µ-SR [3, 4] for Zn-substituted
samples does not explain alone the disappearance of the
A1g mode. As it has been shown previously, AF fluc-
tuations at QAF = (pi, pi) are strongly enhanced above
Tc in Zn-substituted samples [22], and survive in the su-
perconducting state. We believe that these fluctuations
put back the A1g mode and the neutron resonance [22],
and that the disappearance of these two collective modes
when Zn concentration is larger than 2% results from a
conjugate effect of AF fluctuations and the diminution of
the superfluid density.
In conclusion, we have shown that the unconven-
tional behavior of the B1g SG can be explained under
anisotropic potential scattering for Ni magnetic substitu-
tions. Through Zn non-magnetic substitutions, we have
confirmed the strong link between the magnetic reso-
nance and the A1g mode. The A1g mode in Zn sub-
stituted Y-123 exhibits a significant temperature delay
from Tc in comparison to the one in the Ni substituted
Y-123 due to the presence of strong antiferromagnetic
fluctuations.
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